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ABSTRACT. Ear th rotation data were obtained with GPS during the 1 ipoch ‘92 campaign in the summer of
1992, About 10 days of' data were acquit ed from 25 globally distiibuted stations and a constellation of 17
GPS satellites, These data were processed to estimate UT 1 cor rections every 30- minules, then smoothed to
formaUTlseries with 3-trout spacing. arth orientation data duting Fpoch " 92 were also obtained by sev-

eral VI.B] groups, and were processed together to yield V] Bl estimates of UTT with 3-hout time resol -
tion. The high fiequency behavior of both GI'S and VI Bl data sets is sunilar, although drifts 1>clw’cell the
two series of ~0.1ms over 2-5 days are evident, Tidally induced U'F1 variations fiom both theoretical
occan models and empirical detetminations were compared with the GPS and V1 BI series. Estimates of
atmospheric ang ularmomenitunn (AAM) at 6 hourinter vals generated by several metcorological centers
were also commpared with the geodetic data These companisons indicate thatmost of' the GPS signalin the
diurnal and semidiurnal bands can be attiibuted to tidal processes, and that UT'1 variations over a few days
are mostly atmosphetic in origin.

1.1111 roduction

Variations iii therate of rotation of the solid Larth result both from torques applied to the Earth
from the exterior or interior and from mass redistributions within the Harth. For high-frequency
11:11111 rotation variations, defined here as rotation rate changes occurn ing over time scales of a
week or less, the principal forces on the solid 1 [li are thought to come fi om the atmosphere and
occans. In particular, tidal forcing, of the oceans is expected to dominate the rotational var iations
atperiods of one day aiid le ss.

A varicty of techniques have historically been used to monitor the rotation of the Yarth, but
only over the past few years has the capability for daily and even sub -daily monitoring of Farth
rotation with the requisite precision b ecome available. Cunrent high-precision techniq ues include
ver y long baseline interferometry (VI.B1), satellite laser rang ing (S1 .R), lunar laser ranging,
(1,1 R), and, most recently, the Global Positioning System (GPS). VI Bl estimates of Earth’s rota-
tion angle (UTTUTC) at daily inter vals and S1 R estimates at roughly 3-day intervals have been
madc for several years. Over the past four years, measurements of ULl vani ations with hourly or
so time resolution have been made sporadically by both V] .Bland GI'S techniques [1, 2].
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In association with the International GPS Geodynamics Service’s (1GS) proof of concept cam-
paign for the summer of 199?, an additional campaign known as SEHARCH ‘92 (Study of Jarth-
Atmosphere Rapid Changes) was held to monitot high-frequency Earth orientation variations uti-
lizing all space geodetic techniques and to advocate for and facilitate the collection of the best
available related geophysical data ]3], 1 atafiom a variet y of complementary technigues provi -
ing a pood level of redundancy were acquired, in particular, during the intensive. two- week period
known as Epoch "92. In this paper, we present GPS estimates of sub-daily variations in UT1dur-
ing 1 {poch ‘92 and compare these results with a number of these ohm related data sets, This inter-
comparison should provide arobust estimate of 1 larth’s true rotational vatjations at time scales as
short as a few hours, and shiould help as well to improve strategies fot processing GPS data.

2. Data scts

2.1. G]'s

The GPS data processing strategy is a version of that discussed elsew’tlcl~. using the JPT.
GIPSY/OASIS I software | 4, 5] and is summari zed in Table [{see also Zumber ge et al., this vol-
umel. Data from anctwork of 25 stations using a GPS constellation of 17 satellites were acquired
over more than 10 days during the last week of July and first week of August, 1992, Owing to the
use of anti-spoofing (AS) signal cncryption over the weckend, these data are not continuous but
are divided into two groups from which two multi- day GPS orbit arcs were created. Corrections
to a nominal UTPM series (deri ved from the IHRS Bulletin B) were obtained from the data, with
UT1 estimate.d every 30 minutes and polarmotion c.very two hours. UTT was modeled as a
Gauss- Markov (AR1) process with a sleady-slate sigma of 0.06 ms and a time constant of 4
hours. Thus, over 30 minutes, 0.028 ms of pt ocess noise was added.

‘Table 1. GPSESTIMATIONSTRATEGY

Estimated parameters

Stationlocations (8§ fiducial silts) Wet zenith troposphere (tandomw alk)
Satellite states Clock biases (\lililc-mist)

Solar radiation pressure Cairicr phasc biases

UTl (AR]) Polar motion (white noise)

Standard ){)(1CIS
Solid 1 larth tides and equilibiiuni ocean tides from Yodei et al.|0]
Gravity ficld cocflicients: GEMT3, 8x8 truncation
Nutation model: 1980 1AU model
A prioriand fiducial site locations I''1<I'91
Nominal UTPM from 1HRS Bulletin B
Rogue receivers: Pseudorange (1-meter), Caviier Phase (1 ¢m)
6-minute datainterval (obtained by decimation)

We generated UTT time series using a variety of orbit modeling strategies [Zumberge et al.,
this volume]. Our preferred strategy employed multi-day orbit arcs wherein one set of satellite
states (positions and velocities) was estitnated To1 cach satellite. Three stochastic solar radiation
parameter s for each satellite were modeled as AR 1 processes and estimated every hour. Alterna-
tive estimation strategics yield UT1 series that differ, but the results and conclusions described
below do not significantly change if these other UTT series are used.

For compari son with the VILBI data, we constiucted a smoothed GPS UT'1 data set by applying
a Gaussian filter with a half- width of about one- half hour to smooth the 30- minute data and inter -




polate themto the epochs of the VI Bldata. Althoughit contains G1'S-derived U'T'lmcasure-
ments every 3 hours, this smoothed data set is notidenticalto a 3-hour GPS solution, since the
latter contains UT1 values averagedover a 3-hour window whercas the for mer is effectively
smoothed over a 1- to 2-hourwindow.

2.2. V1Bl

VI Bldata were acquired from the three netwaorks described inTable 2. Note that 011 certain days,
UT1 was mecasured by more than one VI.B1 network, enabling an estimate of the quality of the
V] Bldata. The correlated VI Bl data were combined using the MI'T Kalman filter programs
CALC/SOLVK.UTI, polar motion, nutation corrections, and station troposphere  parameters
were estimated over 24 hour time. spans, with UT1, polarmotion,and the. troposphere parameters
modeled as random walks [see Herring, this volumel].

Severa solutions were generated in which Ul was estimated either every 30 minutes or every
3 hours. The 30- minute solutions were rather noisy, so a 3-hour series, in which UT'1 was esti-
mated every 3 hours with 0.04 ms sigmaicsets after a diurnal and semidiurnal a priori tide model
had been applied, was used in this study. A final smoothed VI Blsolution was generated in which
the 24-hour data sets from all the networks were combined using amild Gaussian filter.

Table 2. VI.BIDATA
NASA’s Goddard Space Flight Center (GSI°C) - NASA R&D
B experiments, 5-6 sites in N. America, Hawaii,and Euwrope
National Oceanic and Atmospheric Administration's (NOAA) Laboratory for Geosciences - 1R1S
4experiments (oat mobile, three IRISSA), 5 sitesin N. Americaand 1 iurope
Unites States Naval Observatory (USNO) - NAVNET
6 experiments, 4-6 sites, located aroundglobe
Datarun from July 26 through August11. Four days have hecasmements by both NAVNET and NASA
R&D. Nach experiment can have significantly different formal errors.

2.3.TIDIE MODILS

A variety of additionaldatascts wereusedinevaluating the GPS and VI.BI lime ser its. Two
models for tidally-induced diurnal and semidimnal U variations weire compared, one based cm
theoretical oceanmodels 7] and oat. empiricaly derived from many years of measured UT vaii-
ations [8]. The theoretical series, referred to as the Gross tick model, is based on the occanic
angular momentum model of Seiler{9]. This formulation also contains corrections to the standard
tide model |6} for non-equilibrium ocean tides at fortnightly and monthly periods. The empirical
model, referred to as the 1 lerring tide model, is based on 8 years of VI .Bldata. It contains esti-
mates of the dismal andsemidiurnal tidal terms only. Note. that this empirical tide. series may
contain additional diurnal signals other than those duc to the non-equilibrium ocean tides, such as
the effects of atmospheric tides. Both tidal U'T'l series may be compared directly to geodetic U'T']
estimates.

2.4. AAM GIIOLIKI. % DATA

If angular momentum were exchanged solely between the atmosphere and the solid Earth, atmo-
spheric angular momentum (A AM) variations would resultin corresponding changes in the
lengthof the day (1 ,01)), the time derivative of UT'l. Several sets of A AM were computed every
6 hoursaspart of the S1 IARCHIGS effort by three meteorological centers: the U, S. National




Meitcorological Center (NM C), the 1 iuropean Centi ¢ for Medium-Range Weather b orecasts
(HCMWLE), anti the Japancse Meteorological Agency (JMA). For cach center, the AAM  quantity
that we use consists of the x3 AAM wind term integrated to the top of the model  atmosphere
(cither S0 mbar or 10 mbar, depending on center) plus the fall pressure (not inverted-barometer)
term. Gaps in the AAM sceries were filled by lincar interpolation.

We used these data sets to estimate atmospherically induced variations in U']’] . Since AAM is
asubstitute 1.OD, the AAM series mustbeintegratedtobe compared toa UT Iseries. 1 lowever,
two arbitrary constants, effectively a biasin 1 .01 and a bias in UT'], enter into this integration.
] ‘or the comparisons shown be Jow, lincar models arc removed from the A AM and geodetic U'T']
serics to account for these constants,

2.S. SMOOTHED REFERENCE SERIES

A reference series, based on the 1ERS Bulletin B nominal value.s used for the GPS analysis, was
used to remove long-period UT T variations, Note thatall the geodetic series shown have. the
shorter-period (<35 day) tides explicitly removed according to the standard Yoder et al. | 6]

mode], while subtracting the nominal UT1 R series effectively removes the longer periodterms of
[6].

3. Results

3.1.GPS VS. VI.BI

We have compared the G]’ S-derived UT1with VI .BI estimate.s of U'I'l “I’ Al for cachnetwork-
day of data. UT'l was estimated every 30 minutesin both sets of data. Typical formal errors of the
various time series arc summarized in Table 3. We present below only results for the smoothed
and interpolated sets of W .Bl and GPS data These two data sets are shown in Figure 1. For dis-
play purposes, the UT1values have been differenced with the 1t IRS Bulletin B reference series.
The bias between GPSand VI Blis arbitrary. Note thegapin GPS data ductothcuse of AS
during the. weekend of August] -2 which precludes the construction of a continuous two-week
long, GPS time series. The 6-day time spanatthe end of July where data exist from both tech-
niques is referred to below as period A, while the 4 .5-day time span in Augustis referred to as
period B,

Although there appears to be a drift between the two series over several days, their diurna
variability is similar. If the two series arc differenced, linear trends can be fit separately to periods
A andBto quantify both the drift andiesidual scatter in GPS minus VI.BI. These values are
givenin ‘Jable 3. Over 4106 day time spans, the GP’S shows a fairly linear drift with respect to
VI.B1, with drift rate.s of 420-40 psec/day. After removing these drifts, the total RMS scatter of
GPS minus VI.BIUTTis 0.023 ms. These drifts are probably a result of driftin the GPS lime
series cause.d by systematic ¢ ffects such asorbitmismodeling.
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Fig. 1. UTI from GI’S and VI.BI evaluated every 3 hours.
Table 3. STATISTICS
Typical 30-Minute UT1 Formal Errvors
GPS IRIS VI1.B] NAVNET NASA R&D
0.0?-().()3 ms 0.02-().04 ms 0.015-().()-1 Ins 0.01 -0.025ms
GYP'S Minus VLRI
Period A Jcried B Entire time span
Slope -().01 8ms/day 0.041 mis/day
RMS scatter 0.022 s 0.026 ms 0.023 ms
GPSMinus ‘l'ides
GPS UT1only GPS minus Herring GPSminus Grins
RMS Scatter 0.032 ms 0.018 ms 0.035 ms
UT1Minus (AA M-t ‘Jides)
RMS of difference NMC AAM KCMWE AAM JMA AAM
GrsurTil 0.0? 1ms 0.0?7?ms 0.019 ms
VLBIUTI] 0.0?7 ms 0.022 ms 0.022 ms

The relationship between GPS and VE.BI may be further explored by computing power spectra
of the GPSand VI .13111'1'1 and their difference (Fig. 2). Power spectra were obtained separately
for the two periods A and B (after padding with zeros to the same length) and averaged together.
A 3-point spectral smoothing was used (corresponding to abin width of 0.375 cycles per day).
Both the VI .Bland GPS series show similar power in the diurna and semidiurnal bands. Differ-
encing the two removes the. peaksin power at both frequencies, suggesting that there is a true
geodetic signal in these binds that is accurately sensed by both techniques. Thissignalis for the

mostpart tidal in origin, as shown 13clow.
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Fig. 2. Power spectra of  theGPSand VL.BIUTI series and their difference.
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Fig. 3. GPS UTI compared to two models of tidally induced UT1 variations.

3.2.GPS VS. TIDIS

InFigure 3, we compare the smoothed GP'S UT'lto the two models of tidally -induced UT1varia-
tions. The GPS serics for each period (A and B) has had a best-fitting quadratic subtracted to
remove longer-period fluctuations, thus making the residual serics easy to compare with the tides.
Note that the Herring, empirical model more accurately reflects the observed UTT variability than
does the Gross, theoretical model.
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These differences can again be described through the usc of power spectra. Power spectra
(computed as before) of the GPS UT1 series and the GPS series minus the two tide models are
shown in Yig. 4. The Herring model removes most of the excess power in the diurnal and semid -
urnal bands, with @ hint of signal remaining at 2 cycles per day (cpd). The Gross model removes
some. power at diurnal frequencies, but adds substantial power at semidiurnal frequencics
(consistent with the large amplitudessecnintig.3). These differences are quantified in Table 3,
which shows the RMS scatter of the three time. series whose power spectra are plotted in Fig. 4.
The Herring model appears to more accur ately reflect the actual UT1 variations at diurnal and
semidiurnalfrequencies. Reasons for this Inay include inaccuracicsin the theoretical oceanmod-
clsand additional non-occanic signal at these frequencies.
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Fig. 4. Power spectra of the GPS UTI series and the GPS series differenced with each of the two
tide models.

3.3.GrSvs. AAM

The three series of atmospheric angular momentum (AAM) values evaluated every 6 hours pro-
vided by the NMC, the HCMWI and the IMA arc showninkig. 5. The variations in each series
over periodsgreaterthanlto 2 clays are similar, but the. higher frequency fluctuations do not
appear to be common among the three. The biases between the series are real, and come from dif-
ferences in the meteorological models of the centers.

Since A AM represents aform of 1.LOD, the curves in Fig. 5 mast be numericaly integrated to
generate. U'T'l series whose variations arc implied by the AAM. These series are shows in Figure
6. Also shown arc a GPS UTl1series and the U'T't variations expected from the longer-peried (J 4
and 30-day) non-equilibrium ocean ticks emerging from the. numerical ocean model [7]. 1 lach
series for each of periods A and B has had a best-fitliag linear bias and trend removed. Since the
FCMWE series for period A starts em July 27 and thus isone clay shorter, it has had a trend
removed which minimizes the cliffcre.aces bet ween the 1:{CM WE curve and the other two A AM
carves. Thethreeintegrated AAM carves show similar behavior for period A, withmore coatras[-




ing forms for period B. All the AAM curves appear consistent with the overall shape of the GPS
UT1curve. The longer-period tick corrections donotadd substantial signal at these few-day peri-

ads.
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Fig. 6. Comparison of integrated AAM with geodetic UTI variations.

The sum total of the integrated AAM, diurnal anti semidiurnal tides (from [8]) and longer-
period tides (from|7]) are shown in Figure 7, together with the observed UT1 variations from
GPS and V] .111. Linear trends were removed from each series for each period. Most of the geode-
tic signal can be described by the sum of AAM variations anti tidally induced u77], with the tides
acting at periods of one day and less and AAM acting at periods greater than a clay. The differ-
ences between GPS and VI Blare at least as large as those between the A AM series themselves
and the AAM and geodetic series. *1'bus, no center or technique stands out as superior. The RMS




of the differences between the. geodetic and AAM+ tides series arc shown in Table 3; all are con-
sistent with the typical GPS and VI Bl formalerrors of ().02-().03 ms.
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Fig. 7. The sum of the integrated AAM and diurnal, semidiurnal, and longer-period tides
compared with the observed UT1 variations from GPI'S and VLRI,

4, Conclusions

Differences bet ween the various series considered here. tend to be at the. levelof ().()2to ().()3 ms.
These RMS differences are consistent with the formal uncertainties of the data themselves. The
main exception isthe the.cwctical lick model, which simply docs not yield the signal seen geodeti -
tally. I’here is also a drift in the GPS data relative to VI.BI which, over time spans of 6 days or
so, appears to be lincar but with a non-unique drift mc..

Both GPS and VI .Bl exhibit nearly identical variability y in the diurnal and semidiurnal bands,
attributable to tidal variations whose value.s are well derived from many years of geodetic VI .B1
data.'1'hereis no residual signalin these frequency bands that c. xceeds the level of formalerror of
the data, although residual signals with amplitudes smaller than (),()2 ms could certainly be pre-
sent. Although the theoretical tide. model does not agree with observations incither band, the dis-
agreement is largest in the semidiurnal frequency band.

The multi-day variability of AAM from all the meteorological centers is similar, and yiclds
AAM-derive.d UTlcurves that arc consistent with the variability of the geodetic UT1at periods
longer than one clay. At diurnal and shorter periods, however, the AAM centers generate inconsis-
tent estimates. Moreover, the sub-daily variability of the AAM is quite small and cannot, at this
point, be disentangled from oceanic tidal effects and noise in the geodectic data, However, limits
can be placed cm the size of any residual AAM signal.

Thus the signalseenin the GPS time series can be represented by the sum of four effects: tides
at diurnal and semi-diurna periods, AAM fluctuations at periods of one to at least several days, a

9



lineardriftin U']’] due possibly to orbit mismodeling, and a high-frequency mist component. To
accurately solve for UT1with GPS at these frequencices, the tidal variations in UTTmust cerlainly
be modeled, either by explicit use of the Herring tide model, or by alowing, adequate variability
in the estimated UT1. AAM-induced variations are slow € nough thatif UT1 (or 1.0D) is esti-
mated at least daily, this variability necdnot be explicitly modeled. Further research is necessary
to investigate and reduce both the driftin UT1of -0.1 ms over 2-5 days, and the level of high-
frequency noise present in the data
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